The autoimmune type 1 diabetes (T1D) that arises spontaneously in NOD mice is considered to be a model of T1D in humans. It is characterized by the invasion of pancreatic islets by mononuclear cells (MNCs), which ultimately leads to destruction of insulin-producing β cells. Although T cell dependent, the molecular mechanisms triggering β cell death have not been fully elucidated. Here, we report that a glycosaminoglycan, heparan sulfate (HS), is expressed at extraordinarily high levels within mouse islets and is essential for β cell survival. In vitro, β cells rapidly lost their HS and died. β Cell death was prevented by HS replacement, a treatment that also rendered the β cells resistant to damage from ROS. In vivo, autoimmune destruction of islets in NOD mice was associated with production of catalytically active heparanase, an HS-degrading enzyme, by islet-infiltrating MNCs and loss of islet HS. Furthermore, in vivo treatment with the heparanase inhibitor PI-88 preserved intraislet HS and protected NOD mice from T1D. Our results identified HS as a critical molecular requirement for islet β cell survival and HS degradation as a mechanism for β cell destruction. Our findings suggest that preservation of islet HS could be a therapeutic strategy for preventing T1D.
Introduction
The NOD mouse strain spontaneously develops autoimmune type 1 diabetes (T1D) and is recognized as an experimental model for T1D in humans. The disease develops slowly in NOD mice, and the autoimmune pathology initially involves a nondestructive insulitis (NDI), in which mononuclear cells (MNCs) accumulate around the periphery of the islets. Autoimmune destruction of insulin-producing pancreatic β cells and T1D occurs when the insulitis MNCs become destructive and invade the islets (1) . The trigger for this conversion is unknown. Although autoimmune diabetes in NOD mice is T cell dependent, it is unclear how β cells are destroyed once autoreactive T lymphocytes have entered the islets. Evidence suggests that CD8 + T cells recognize peptides derived from β cell-specific autoantigens (including proinsulin/ insulin, GAD, IGRP, and chromogranin A) in the context of class I MHC molecules on the cell surface and kill the β cells via the perforin/granzyme pathway of cytotoxicity or induce apoptosis by Fas/FasL signaling (2-7). CD4 + T cells activated by autoantigen peptide/class II MHC complexes on intraislet APCs are likely to amplify islet inflammation by producing nonspecific inflammatory mediators, such as cytokines and chemokines. Intraislet APCs activated in the cytokine milieu could also indirectly damage β cells by producing ROS or cytokines that induce endogenous production of free radicals in the β cells (3) .
Intervention therapies have been developed to impede the inflammatory response to islets in NOD/Lt mice. mAb treatment targeting CD4 + or CD3 + T cells has been particularly effective in preventing the development of T1D (8, 9) . In the case of anti-CD4 mAb therapy, continual treatment was mandatory and induced CD4 + T cell depletion (9) . Anti-CD3 mAb therapy rescued NOD mice from T1D, even when treatment was delayed until after T1D onset, and restored self tolerance after only transient T cell depletion (10) . Other experimental therapies targeting cytokines including IL-16, IL-21, and TNF inhibited the recruitment of diabetogenic T cells to the pancreas, reduced insulitis, and prevented T1D (11) (12) (13) . NOD islets in situ produce chemokines, particularly CCL5 (14) , that recruit inflammatory cells, which suggests that β cells themselves could contribute to the initiation and expansion of peri-islet insulitis. Blockade of chemokine signaling via transgenic expression of a chemokine-blocking protein or decoy receptor by β cells has markedly decreased insulitis and T1D incidence in NOD mice (15, 16) . Despite the development of effective strategies for reducing insulitis and preventing T1D in NOD mice, practical problems have impeded their clinical application. Notably, recent clinical trials have revealed inconsistent improvement in T1D control after anti-CD3 therapy, and long-term protection from disease progression remains an elusive milestone (17) .
Intrinsic properties of β cells have been identified that render them particularly vulnerable to inflammatory insult. In addition to their capacity to secrete chemokines that could exacerbate peri-islet inflammation, islet β cells express low levels of free radical scavenger enzymes, potentially increasing their sensitivity to free radical-mediated damage (18) . Conversely, the extent to which islets and β cells use intrinsic defense and survival mechanisms for their protection has largely been underexplored. We recently reported that in situ NOD mouse islets are surrounded by a continuous basement membrane (BM) containing the heparan sulfate proteoglycan (HSPG) perlecan (19) . HSPGs consist of a core protein to which a number of side-chains of the glycosaminoglycan or complex sugar heparan sulfate (HS) are covalently attached. HS is a linear polysaccharide consisting of repeating disaccharides of glucosamine and glucuronic acid; there are large regions of N-acetylglucosamine and glucuronic acid interspersed with small regions containing sulfated glucosamine and iduronic acid residues. Although regions of the HS chains are characteristically sulfated, their chemical structure shows additional heterogeneity, varying in the position of O-and N-sulfation and in epimerization of glucuronic acid to iduronic acid (20, 21) . HSPGs in extracellular matrices (ECMs) and on the surface of cells act as reservoirs for growth factors, cytokines, and chemokines. However, when localized in BMs, HSPGs have the additional function of obstructing cell migration (20) . This property suggests that the islet BM containing the HSPG perlecan would constitute a primary defense mechanism against invasion by destructive insulitis (DI) MNCs.
To migrate to sites of inflammation, such as peri-islet insulitis in the pancreas, leukocytes need to first extravasate from blood vessels and then produce a panel of degradative enzymes to solublize the matrix components of the subvascular endothelial BM. Of these, heparanase (encoded by HPSE) plays a particularly critical role because it is the only known mammalian endoglycosidase that can efficiently degrade the HS side-chains of HSPGs (20, 22) . In support of this, inhibition of heparanase using sulfated oligosaccharides or modified heparins has been shown to prevent inflammation and limit metastasis of experimental tumors (20, 22) . Likewise, we have previously observed that MNC entry into islets, which marks the onset of destructive autoimmunity in NOD mice, correlates with degradation of the islet BM (19) .
However, to our knowledge, a role for heparanase in the repertoire of effector molecules produced by insulitis MNCs has not previously been investigated.
In this study, we report that a protective role for HS extends beyond that of the islet BM (19) . We observed remarkably high levels of HS in normal islets in situ, primarily as a result of its unusual intracellular localization within islet β cells. In vitro, we showed that HS functioned as an important survival mechanism for β cells, with loss of β cell HS representing a mechanism of β cell death. Surprisingly, HS replacement provided protection from free radical-mediated cell death. We showed that in vivo, destructive autoimmunity was associated with degradation of islet HS by heparanase produced by insulitis MNCs and was prevented by administration of a heparanase inhibitor. We therefore identify endogenous HS as a β cell target for autoimmune damage, with heparanase as a mediator of β cell autoimmunity, findings we believe to be novel. Our results suggest that heparanase inhibition may be a promising therapeutic strategy for protecting β cells from HS depletion and T1D progression.
Results

HS is highly expressed in mouse islets in situ.
While investigating the HS content of pancreatic islet BMs, we identified remarkably high levels of intracellular HS within the islets of conventional mouse strains, young NOD mice, and immunoincompetent NOD/SCID mice ( Figure 1A ), using immunohistochemistry and also HS-specific histochemical staining by Alcian blue (23) . Staining of islets with Alcian blue was abolished by prior treatment of pancreas tissue sections with nitrous acid, a procedure that cleaves the N-sulfated glucosamines found only in HS, but not the N-acetylated glucosamines present in other glycosaminoglycans (refs. 24, 25, and Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI46177DS1). The direct detection methods we used to localize HS in islets represent a technical advance over the indirect approach of identifying HS "stubs" after heparitinase treatment of pancreas sections (26) .
Loss of HS from β cells in vitro correlates with β cell death. Compared with islets in situ in the pancreas, Alcian blue histochemistry showed the HS content of islets was significantly reduced by more than 50% after their isolation in vitro ( Figure 1 , B and C). After enzymatic dispersion of the islets to single-cell suspensions, flow cytometry analyses showed that the isolated β cells stained for both highly sulfated HS (HS hi ; identified by the 10E4 mAb) and undersulfated HS (HS lo ; identified by the HepSS-1 mAb), but the remaining HS was localized mainly intracellularly, with low levels of HS present on the cell surface ( Figure 1D ). Furthermore, the majority of isolated islet cells were insulin-positive β cells (Supplemental Figure 2 ). Cell surface HS was significantly increased 2-to 3-fold, and intracellular HS was significantly decreased to 67% of preculture levels after 2 days of culture ( Figure 1 , D and E), which suggests that cell surface HS may be replenished from intracellular HS stores. The loss of intracellular HS during culture was accompanied by a substantial (>2-fold) increase in β cell death, as determined by uptake of Sytox green, a DNA dye that stains dead and dying cells (Figure 1 , D and F). These findings suggested that β cells may require intracellular HS for their survival.
HS replacement protects isolated β cells from culture-and ROS-induced cell death. In support of the notion that HS is needed for β cell survival, β cells were prevented from dying in culture after the addition of 50 μg/ml heparin, a highly sulfated analog of HS, to the culture medium ( Figure 2 , A and B, and Table 1 ). The viability of β cells after 2 days of culture with heparin was 95%, compared with 37% viability in control cultures, based on Sytox green exclusion ( Figure 2A ). The low cell viability in the control cultures is probably related to the culture conditions, in which dispersed islet cells adhered to the nontreated plastic surface of the wells (see Methods). This remarkable heparin-induced improvement in viability The number of β cells was calculated using counting beads. See Supplemental Table 1 for statistical analyses of the same day 2 cultures (note that percent Sytox green + cells approximated percent PI + cells). (C) Coculture with HS hi , but not HS lo , protected isolated islet β cells from 2 day culture-induced cell death, as determined by percent Sytox green + cells and intracellular insulin staining of β cells. GMFR for insulin staining was compared with serum control. *P < 0.05 vs. control. (D) Ability of β cells cultured in the presence or absence of heparin (50 μg/ml) for 1 hour or 1-2 days to resist H2O2-induced (i.e., ROS) cell death (see Table 1 ). Data in A and D are representative of 3-5 separate experiments.
was confirmed by uptake of calcein-AM, a fluorescent dye that labels viable and apoptotic cells, and by staining with propidium iodide (PI), a DNA-binding dye that labels dead and apoptotic cells. In the presence of heparin, the highly viable calcein + PI -population of β cells was increased from 25% to 86%, the dead population (calcein -PI + ) reduced from 18% to 1%, and the apoptotic population (calcein + PI + ) decreased from 52% to 6% (Figure 2A ). HS hi and the HS hi mimetic PI-88 (27, 28) , at 50 μg/ml, were just as effective as heparin at promoting β cell survival (Figure 2A and Supplemental Table 1 ), although only heparin was active at 5 μg/ml (Supplemental Figure 3) . All 3 compounds decreased the absolute number of dead β cells by 6-to 14-fold compared with controls, despite comparable total cell numbers in the cultures ( Figure 2B ). In contrast to HS hi , treatment with HS lo did not protect the β cells ( Figure 2C ). The effect of heparin treatment on β cell viability was also independent of the source of heparin (porcine mucosal or bovine lung; Supplemental Figure 4 , A and B) and occurred after continuous culture with heparin for either 1 or 2 days ( Figure 2D and Supplemental Figure 4C ), or after pulsing with heparin for 1 hour followed by culture for 2 days in the absence of heparin (data not shown). Flow cytometry analyses, together with confocal microscopy, showed that β cell protection correlated with the intracellular localization of considerable amounts of FITC-labeled heparin in 86% of β cells (Supplemental Figure 5) .
Importantly, heparin-treated β cells became extraordinarily resistant to ROS-induced death, generated by acute treatment of the cells with H 2 O 2 . Whereas H 2 O 2 treatment of control β cells after 1 hour of culture significantly increased cell death from 35.5% ± 4.2% to 88.5% ± 1.0%, β cells cultured with 50 μg/ml heparin for 1 or 2 days showed excellent viability in the presence of ROS (10.8% ± 1.1% and 8.0% ± 1.1% cell death, respectively; Table 1 and Figure 2D) . Similarly, HS hi and PI-88, but not HS lo (Supplemental Figure 6 ), also protected β cells from ROS-induced cell death. These results demonstrated that intracellular uptake of HS hi mimetics, such as heparin and PI-88, protected β cells from both culture-induced death and death induced by exogenous ROS. This also suggests that culture-induced death of β cells may be mediated by endogenous ROS.
Pancreatic islets are susceptible to damage by heparanase. Isolated islets with residual intraislet HS were examined for their susceptibility to damage by heparanase, the only known mammalian endoglycosidase that can cleave HS (29) . Treatment of isolated islets with 20 μg/ml exogenous human heparanase for 24 hours resulted in peripheral islet damage with increased intraislet cell apoptosis (Supplemental Figure 7) . In contrast, the same treatment did not induce apoptosis or death of either B16 melanoma cells or L929 fibroblasts (data not shown). While heparanase was therefore not universally toxic for all types of cells, our data strongly suggest that islets are particularly susceptible to heparanase-mediated damage. To investigate the in vivo relevance of this susceptibility, islets undergoing different levels of autoimmune damage in NOD mice were then examined for HS and heparanase expression. We observed by histochemistry that islets lacking insulitis or with NDI contained widespread and well-preserved HS ( Figure 3A ). In contrast, islets damaged by DI showed extensive disruption of islet HS, as detected by Alcian blue staining, particularly in close proximity to infiltrating MNCs ( Figure 3A) . Likewise, prediabetic NOD/Lt mice and NOD/Lt mice at diabetes onset showed a significant reduction in islet HS content compared with intact adult NOD/ SCID islets ( Figure 3B ). When islets from prediabetic and onset diabetic NOD/Lt mice were isolated with their associated insulitis MNCs and examined by quantitative real-time RT-PCR for Hpse transcripts, we observed a 4-to 5-fold increase in transcripts in these islets compared with young NOD islets with low insulitis and a 6-to 8-fold increase compared with NOD/SCID islets lacking insulitis ( Figure 3, C and D) . This finding correlated with an approximately 28-fold increase in mRNA for the common leukocyte marker Cd45 compared with NOD/SCID islets ( Figure 3E ), which suggests that the increased Hpse mRNA expression was derived from insulitis MNCs. This conclusion was confirmed immunohistochemically, with heparanase protein being strongly expressed by DI MNCs ( Figure 3F ). Heparanase exists as a 65-kDa proenzyme that is proteolytically cleaved to 8-kDa and 48-to 50-kDa polypeptides that dimerize to form the active enzyme (30) (31) (32) . Western blotting analysis revealed substantially higher levels of the 48-kDa active mouse heparanase in late prediabetic (9-10 weeks of age; 6-fold) and onset-diabetic NOD islets (9-fold) compared with NOD/SCID islets, with prediabetic NOD islets from 7-to 8-weekold mice containing mainly proheparanase (compared with late prediabetic and onset-diabetic NOD islets; Figure 3G ). This finding suggests that insulitis MNCs gain the ability to generate enzymatically active heparanase at the same time as they become able to mediate destructive disease. We also noted that CBA/H, NOD/ SCID, and young NOD islets contained substantial Hpse transcript levels, 20-to 33-fold those of normal CBA/H kidneys ( Figure 3D ). Heparanase protein was also detected by immunohistochemistryalbeit weakly -at or near the cell surface of islet β cells, with Western blotting indicating low levels of the enzyme, in NOD/SCID islets (Figure 3, F and G) . These findings suggest that active heparanase produced by invading insulitis MNCs, but not inactive heparanase endogenously produced within islets, contributes to autoimmune islet β cell damage during T1D development.
Inhibition of heparanase protects NOD mice from destructive autoimmunity and T1D. The sulfated phosphomanno-oligosaccharide PI-88 (Muparfostat; Progen Pharmaceuticals) is a HS mimetic that is a noncleavable competitive inhibitor of heparanase (27, 29) and a potent inhibitor of tumor growth (27) and is in clinical trials as an anticancer drug (33) . To test whether heparanase plays a direct role in the development of autoimmune diabetes, we treated 10.5-to 11-week-old prediabetic female NOD mice (presumably exhibiting both NDI and DI) daily with PI-88. Compared with control saline-treated mice, PI-88 treatment significantly delayed development of T1D by 10 weeks, and the proportion of mice with diabetes at 36 weeks of age was reduced by 50% ( Figure 4A ). At the end of the experiment, islets in the pancreas from PI-88-treated and saline-treated nondiabetic mice were examined to assess the level of insulitis. Compared with saline-treated controls, PI-88-treated mice showed a significant increase in the proportion of islets showing no insulitis, and the proportion of islets with DI was significantly decreased ( Figure 4B ). Islets with DI from PI-88-treated mice also showed significantly better preservation/restoration of islet-associated HS than islets from control saline-treated mice, in which Alcian blue staining demonstrated that DI was associated with extensive fragmentation and loss of islet HS (Figure 4, C and D) . In fact, the intensity of HS staining in islets from PI-88-treated mice was significantly higher (~1.3-fold) and less variable than for islets from saline-treated mice ( Figure 4D ). Overall, compared with the saline-treated controls, which developed T1D, PI-88 treatment completely protected 50% of clinical diseaseprone NOD/Lt mice from T1D (with significantly improved islet pathology and islet HS) and significantly delayed T1D onset in the remainder. These results support the notion that heparanase critically contributes to T1D development by inhibiting islet invasion by insulitis MNCs and subsequent loss of intra-islet HS.
Discussion
We report here that pancreatic β cells have a uniquely abundant intracellular store of HS, which plays a role in β cell survival that we believe to be previously unrecognized. During islet isolation, approximately 50% of the islet HS content was lost, and during culture of isolated β cells, there was a progressive decline in intracellular HS that correlated with increased β cell apoptosis and death. Surprisingly, HS replacement -achieved by culturing β cells with the highly sulfated HS analog heparin and confirmed by uptake of FITC-labeled heparin -rescued the β cells from apoptosis and dramatically improved β cell survival. Furthermore, the transition from calcein + PI + apoptotic β cells to calcein + PI -viable cells was confirmed by loss of staining with 7-amino-actinomycin D (7AAD), a DNA-binding dye conventionally used for identifying apoptotic cells (data not shown).
Rescue by HS replacement with heparin, HS hi , or PI-88 not only prevented culture-induced cell death, but also rendered the β cells remarkably resistant to death induced by free radicals (i.e., ROS), which suggests that β cell death in vitro may be mediated by excessive levels of free radicals produced endogenously in the β cells. Overall, these findings suggest that in situ, normal levels of endogenous intracellular HS may function, at least in part, to protect β cells from free radical-induced cell injury. Heparin imported into β cells in vitro and endogenous β cell HS in situ (i.e., in the pancreas) may interact directly with ROS and function as an antioxidant or free radical sink (34) (35) (36) . The depolymerization of HS by free radical species, for example, could represent an antioxidant mechanism for protecting β cells from free radical damage. In vitro, exposure of rat glomerular BM HS to ROS generated by hypoxanthine/xanthine oxidase reactions results in HS fragmentation or depolymerization, detected by PAGE (34) . Similarly, hydroxyl radicals have previously been shown to efficiently depolymerize heparin to low-molecular weight heparins (35) . Alternatively, free radicals may be chemically detoxified by removing the anomeric hydrogen of internal sugar residues of HS, as previously reported for polyelectrolyte configurations of glucose, such as phosphorylated or sulfated glucans (36) . Unlike depolymerization, a role for HS as a free radical sink would be
Figure 4
Inhibition of heparanase activity in vivo protects NOD mice from T1D and destructive immunity. (A) NOD/Lt female mice (10.5-11 weeks) were injected daily i.p. with 10 mg/kg PI-88 (black; n = 23 per group) or saline (white; n = 25 per group). PI-88 treatment delayed the onset of diabetes by 70 days and reduced the incidence of diabetes to 30% compared with 62% in control mice. # P = 0.0039, *P = 0.0415 vs. saline. (B) Pancreases from nondiabetic PI-88-(black; n = 4 per group) or saline-treated (white; n = 3 per group) NOD/Lt mice at 253 days of age (from A) were analyzed histologically to assess the level of insulitis. PI-88 treatment significantly increased the percentage of islets lacking insulitis (normal) and significantly decreased the percentage of islets with DI, with a noticeable reduction also observed in completely destroyed (CD) islets. Results are mean ± SEM. *P = 0.0026; **P = 0.0244. (C) Additional serial pancreas sections from B were alternately stained with H&E and Alcian blue. PI-88 treatment preserved islet-associated HS in the presence of DI, compared with control islets from saline-treated mice, in which intraislet HS was severely disrupted. Scale bars: 100 μm. (D) Alcian blue staining intensity was significantly stronger in islets with DI from PI-88-treated mice than from control saline-treated mice from B (P = 0.0009), as quantified by Image J with Color Deconvolution plugin. Results are mean ± SD.
expected to better preserve other biological functions of the HS chains. β cells are highly metabolically active and consequentially generate considerable levels of intracellular ROS via disulfide bond formation during insulin biosynthesis in the endoplasmic reticulum or during oxidative phosphorylation or disulfide bond formation for protein folding in mitochondria (37, 38) . β cell HS could therefore provide a constitutive mechanism for detoxifying endogenous ROS and thereby compensate for the reported low levels of free radical scavenger enzymes in β cells (18) .
We found that inadvertent depletion of intracellular HS during isolation of islets and β cells in vitro rendered β cells particularly vulnerable to damage induced by exogeneously delivered ROS and that HS replacement via treatment of β cells with heparin or other HS mimetics in culture provided resistance to ROS. Islets have been reported to undergo matrix detachment-induced apoptosis (anoikis) during their enzyme-mediated isolation (39, 40) , and this process in epithelial cells correlates with ROS induction (41) . Taken together, these properties suggest a scenario in which, during islet/β cell isolation, islets undergo matrix detachment that substantially elevates endogenous ROS levels in β cells to levels exceeding the protective capabilities of HS, resulting in HS degradation and apoptosis. We further speculate that providing additional excessive exogenous ROS (by acute treatment with H 2 O 2 ) at this time may precipitate β cell apoptosis and death. Like β cells, apoptosis induced in rat kidney glomerular mesangial cells by chronic treatment with H 2 O 2 for 24 hours was prevented by pretreatment with heparin or HSPG. Explant-induced apoptosis of glomerular cells was similarly protected by acute treatment with heparin in vitro (42), and we speculate that this early damage may also be attributable to matrix detachment. Furthermore, ultra-low-molecular weight heparin has been reported to prevent glutamate-induced apoptosis in brain cortical cells in vitro and to prevent free radical-induced damage after ischemia/reperfusion injury in rat brain in vivo (43, 44) . Our demonstration that HS replacement by heparin rescued β cells from free radical damage and apoptosis in vitro is consistent with these prior reports and with the notion that islets/β cells in situ express exceptionally high levels of endogenous HS in order to execute similar prosurvival functions in vivo. Apoptosis in β cells is attributed to imbalanced expression of pro-and antiapoptotic genes of the Bcl-2 family (45-47), which suggests that HS may also function in regulating gene expression in β cells, as previously reported for other cell types (48, 49) . In any case, our findings strongly implicate HS preservation during human islet isolation or HS replacement as strategies for improving islet viability and for reducing the number of islets (and donors) required for clinical islet transplantation as a treatment for established T1D.
In addition to playing a critical role in β cell survival, HS may also perform other homeostatic functions as a reservoir and coreceptor for essential growth factors (50) and has previously been reported to regulate the postnatal development of β cell function (26) . Under conditions of autoimmune disease, we demonstrated here that islet HS acts as a critical target for destruction by heparanase. This finding builds on our earlier observation that islets are surrounded by a continuous BM containing the HSPG perlecan, with MNC entry into the islets during destructive autoimmunity being accompanied by degradation of perlecan in the islet BM (19) . Thus, DI MNCs produce catalytically active heparanase that -by solubilizing the islet BM HS -allows intra-islet MNC invasion, induces β cell death, and initiates autoimmune diabetes. Paradoxically, we also showed that islet β cells endogenously produced heparanase, which probably has a homeostatic function in regulating the turnover of HS (50) and possibly gene expression (48, 49) .
Overall, our data are completely consistent with the idea that T1D is heparanase dependent, since T1D is an autoimmune disease mediated by insulitis MNCs, PI-88 efficiently inhibited heparanase, and PI-88 treatment altered autoimmune-associated pathology in NOD mice. Although the drug can also disrupt interactions between HS and certain growth factors (27) , this secondary role is unlikely to enhance β cell survival. In further support of a causal role for heparanase in T1D, we also found that more specific heparanase inhibitors that have minimal growth factor binding and anticoagulant activity were as effective as PI-88 at protecting approximately 50% of NOD mice from developing T1D (data not shown). Heparanase may nevertheless affect T1D development at multiple sites. First, heparanase is likely to function at the level of facilitating MNC migration across the subvascular endothelial BM in the pancreas (20) and, possibly, subsequent passage through the ECM of the pancreas. Secondly, at the level of the islet microenvironment, we propose that the production of catalytically active heparanase by insulitis MNCs and degradation of islet BM HS signals the onset of destructive autoimmunity. Thereafter, migration of insulitis MNCs into the targeted islets results in local intraislet production of active heparanase, progressive loss of β cell HS, β cell apoptosis, loss of insulin production, β cell death, and ultimately T1D. Likewise, PI-88-mediated inhibition of heparanase could therefore inhibit T1D development at each tier of heparanase involvement. However, long-term treatment of NOD mice with PI-88 resulted in a significant increase in the percentage of intact islets (without insulitis) and a significant decrease in the percentage of islets with DI ( Figure 4B ), suggestive of drug-mediated protection occurring at both vascular and peri-islet sites.
Heparanase has previously been shown to function in disease by regulating BM breakdown and ECM remodeling via HS degradation. These actions facilitate cell migration in inflammation, spread of metastatic tumor cells and their reestablishment as solid tumors at secondary sites, and glomerular BM degeneration in diabetic nephropathy (29, 51, 52) . In addition to these more standard functions, our present study identified that heparanase produced by insulitis MNCs plays a direct and fundamental role as an effector mechanism in T1D by degrading β cell HS, a process that leads to β cell death. Our findings unveil a critical role for islet HS in β cell survival and highlight the potential for new therapeutic approaches for rescuing β cell function at the time of T1D onset by HS replacement therapy, as well as for blocking progressive loss of islet-associated HS during disease development with heparanase inhibitors, both of which could be achieved using appropriately designed HS mimetics.
Methods
Further information can be found in Supplemental Methods.
Mice and T1D monitoring. Specific pathogen-free female NOD/Lt mice (4-5 weeks old) were obtained from the Animal Resource Centre (Perth, Australia), and other strains were obtained from the Animal Services Division of The John Curtin School of Medical Research or The Australian National University Bioscience Facility (Canberra, Australia). Onset of clinical diabetes was determined by measuring urine glucose twice weekly with Multistix reagent strips (Bayer) and confirmed by measuring nonfasting blood glucose levels in tail vein blood using a MediSense glucometer (Abbott Laboratories). Hyperglycemia was defined in our study as 2 consecutive blood glucose readings of 16 mmol/l or greater.
